More than 70% of the total worldwide electricity-generating wind turbines (17 500 MW total) 
I. INTRODUCTION
The progress of wind energy around the world in recent years has been consistently impressive. By the end of 2000, almost 17 500 MW of electricity-generating wind turbines were operating in over 50 countries. Of these, over 70% (12 800 MW) were installed in the European Union (EU). 2000 itself was a record year for the European Union, with over 3500 MW of new units installed. At the same time, the European Wind Turbine manufacturing industry is booming. The four largest European manufacturers are supplying approximately two-thirds of the world market.
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European wind capacity. These countries have adopted a clear national plan for wind energy development and have followed a successful policy of evolutionary growth by supporting the wind turbine industry and wind power development via R&D activities. The adoption of support systems in the form of kilowatt-hour (kWh) feed-in tariffs has greatly boosted wind power installations and related investments. This also had a positive effect on the national wind turbine manufacturing industries. Other European countries that have not followed similar support mechanisms have been less successful, despite their advantageous wind potential. The European Union has consistently supported wind power development since the early 1980s via individual research, development, and demonstration projects. This support was further strengthened in the early 1990s when the European Commission set as a high priority the promotion of renewable energy sources for reasons of security and diversification of energy supply, for reasons of environmental protection and for reasons of social and economic cohesion. According to the Commission's Shared Analysis Project "Energy in Europe" [1], [2], the total power capacity requirements are expected to increase by some 300 GW during this period and a similar amount of new capacity will be required for the replacement of decommissioned plants. A significant percentage of this capacity can be based on renewable energy sources. In the white paper on Renewable Sources of Energy [3] , adopted by the European Parliament in 1998, it has set the goal of doubling renewable generation in Europe from 6% of the gross energy consumption to 12% by 2010. It should be noted that this 12% share of total renewable energy sources in the gross inland energy consumption translates to 22.1% for consumption of electricity produced from renewable energy sources or 12.5% excluding large hydro schemes, above 10 MW. In its proposal for a "Directive of the European Parliament and of the Council on the promotion of electricity from renewable energy sources in the internal electricity market" [4] , all European States are obliged to set and meet on a yearly basis, national targets for domestic future consumption of electricity produced by renewables in terms of kWh consumed or as a percentage of electricity consumption for the next ten years. These targets should be compatible with the 22.1% share of electricity from renewables in the total EU electricity consumption by 2010, and they shall further be compatible with the climate change commitments accepted by the Community in Kyoto. Indicative national targets with regard to the appropriate level of the national objectives necessary to reach the white paper objective are also provided. Within these targets, the goal for wind energy is 40 000 MW of installed capacity in 2010. Although the 40 GW target looked as an ambitious target at the time, with the present pace of wind power development this target seems now modest and it is very possible that it will be reached earlier. In addition, the European Commission has systematically supported research and development in wind power via its Framework Programmes, where a significant share of the budget was attributed to non-nuclear energy. For example, in the 5th Framework Programme with a budget of 14.96 billion Euros for the period 1999-2002, 2.125 billion Euros have been allocated for energy, environment, and sustainable development, excluding nuclear energy. Of these, about 1 billion Euros have been available for energy systems including renewables of which 36 million Euros for wind energy. An example of successful support has been the support to manufacturing industries for the development of large machines in the MW class.
Wind energy development in Europe has also been significantly supported by the activities of the European Wind Energy Association (EWEA), both at national and European levels. EWEA is an association encompassing all branches of wind power activities including manufacturers, operators, and research institutions from all European countries. The role of EWEA has been decisive in wind power development in Europe. Its activities include numerous proposals, conferences, and studies performed in cooperation with the European Commission, European national governments, and other organizations [5] - [10] . A great deal of information included in this paper has been obtained from EWEA reports, in particular [7] - [10] . This paper is organized as follows: Section II provides an overview of the current state of wind power development in Europe with particular emphasis on Germany, Denmark, Spain, and the islands. Wind Energy projections in Europe, as reported by the Commission and EWEA, are described in Section III. Section IV reports on CO emissions and shows the projected contribution of wind energy to the CO reduction targets. In Section V, the mechanisms for investments used in the European countries are presented and their effects discussed. Section VI presents the development of wind turbine technology and the future trends and R&D tasks, especially regarding large machines. Conclusions are presented in Section VII.
II. CURRENT STATE OF WIND POWER IN EUROPE
The average annual market growth in Europe over the last seven years has been around 40%, a figure only matched by the computer industry and the telecommunications sector. Since 1993, the installed capacity has multiplied more than ten times (Fig. 1) , whilst the capacity built in 2000 (3507 MW) was also ten times bigger than in 1993 (367 MW), as shown in Fig. 2 .
The four largest markets for wind energy in the 1990s-Germany, USA, Denmark, and Spain-accomplished approximately 80% of global sales in 1998 and 1999 (see Fig. 3 [7] ).
The three leading countries-Germany, Denmark, and Spain-combined cover more than 80% of the total European wind capacity of 1998. It can be seen that the German market steadily has accounted for almost half of the total European market after 1995, while it was comparably smaller in the years before.
In Section II-A-Section II-D, the current state of wind power in leading European countries and in isolated systems is highlighted.
A. Wind Power in Germany
Germany currently has 50% share of wind power installations in Europe and a third of the installations worldwide, as shown in Fig. 4 [10], [11] . In particular, the last years of the 1990s have witnessed a tremendous growth in new wind power capacity. During 1999 alone, a total of 1568 MW was installed, the largest capacity ever erected during a 12-month period. It was also twice the 1998 figure, which already saw a record growth of 793 MW. Since 1993, the average annual growth rate has been 58%. During a normal wind year, wind power produces 2% (8.5 billion kWh annually) of Germany's total electricity requirements. Some coastal regions and communities in northern Germany already cover more than 10% of their total electricity demand by wind energy. In absolute figures, Lower Saxony has the largest share of wind energy capacity in Germany with a total of 1200 MW at the end of 1999. In relative terms, the most northern state, SchleswigHolstein, leads the 16 German states with a total installed capacity approaching 1000 MW. This translates into a share of more than 15% of the state's total electricity consumption in 1999. Based on the past development, the state's own voluntary target for 2010, set in 1990-a wind power share of 25%-can be reached as early as 2002 or 2003. According to the Government of Schleswig-Holstein, a quarter of total electricity consumption supplied by wind power would not create any major additional investment in grid infrastructure. Even in regions with lower wind speeds, a significant contribution can be achieved. By 1999, average turbine size has grown to almost 1 MW (937 kW). In 1998 it was 785 kW, while in 1995 it was just half of today's size, i.e., 457 kW. In employment terms, the wind industry has created some 25 000 new jobs in Germany. The industry's 1999 turnover amounted to the record of 2 billion Euros, including exports which have grown to almost 20% of total sales.
Future short and medium-term projections for the next 5-7 years estimate that a share of 5% wind power in Germany is an absolutely realistic figure. According to estimates released during a public hearing on the new law for renewable energies in the German Parliament, wind power could easily supply 15% of total German electricity requirements by 2020, 10% coming from on-shore and 5% from off-shore installations.
The rated wind power to be installed for reaching a requested kWh-coverage depends on the wind potential, the full load hours at a given site or region, respectively. For achieving the above-mentioned figure of 5% of the German electricity demand, equivalent to 22.2 TWh, presumably 12 000 MW installed wind power will be necessary, based on an average of 1700 full load hours. Many other areas in Europe can produce up to twice as much electricity with a comparable total installed capacity.
The security of electricity supply in the European Union is accomplished within the interconnection of grids and power plants by redundant power plants leading to a sufficiently dimensioned reserve power. As a matter of fact, the pre- dictability of load curves is diminished by the fluctuating wind power, which results in new requirements for power plant scheduling. Yet, so far no additional reserve capacity had to be installed in Germany as the existing controllable sets were used for the balance of fluctuating wind power.
B. Wind Power in Denmark
The Danish government's commitment to wind-derived electricity has been enshrined in a succession of energy plans. In early 1999, the total installed wind power capacity of 1500 MW already supplied 10% of the country's electricity. This figure was actually set in the Danish Government's new plan of action (1996) as the target for 2005. The impressive growth of total installed wind energy capacity can be seen in Fig. 5 . To show its commitment to CO reduction, the Danish government decided in 1997 to phase out coal completely as a fuel in power stations [10] .
By 2030, wind power is expected to supply 50% of Denmark's electricity and a quarter of its total energy requirements. This is the most ambitious wind energy target in the world. To reach this level, a capacity of 5500 MW will have to be installed by then. This will save 14 million tons of CO each year. 4000 MW of the total are planned to be erected in offshore wind farms.
New management systems will have to be devised to ensure that such large quantities of wind power are integrated smoothly into the national electricity grid. In the Nordic system with large hydro capacities, Denmark is very well situated to integrate its growing wind power capacities into the Scandinavian electricity system. It has been proposed by various studies, commissioned by government agencies to exploit the excess quantities of hydropower produced in neighboring Norway. When the wind blows the strongest, the hydro reservoirs would be turned down; when the wind dies down, they would be opened up again. Such adjustments are possible in a matter of seconds.
C. Wind Power in Spain
Over the last decade, Spain has experienced one of the most spectacular growth rates for wind energy installation in Europe [12] , [13] supported by aggressive development, strong technological content and a sustained fall in unit costs. According to the latest figures, 795 MW of new wind turbines were installed during 2000. This raises the total capacity in the country to 2234 MW (almost 3000 turbines), just behind Denmark, which holds the second place in the European league table (see Fig. 6 ). The most important legislative change in support of wind and other renewables came in December 1999, when the Spanish Council of Ministers approved the national Plan for the Promotion of Renewable Energy prepared by IDEA (the Agency for Energy Saving and Diversification). The targets of this plan have been set to coincide with those laid down in the Law on the Electricity Sector, which stated that 12% of total energy demand in Spain would be met from renewable sources by 2010. This target, moreover, is similar to that set for the European Union in the White Paper on Renewable Energy [3] . This plan was approved at a key moment for the country's renewables industry, with a number of technologies reaching maturity. As far as wind energy is concerned, the estimated utilizable technical potential lies in the 7500-15 000 MW range. This has led to the proposal of a planned increase to 8140 MW (compared with installed capacity of 834 MW in 1998) and production of 19 536 GWh/year, equivalent to 1680 Ktoe. The plan set the ambitious objective of reaching 5500 MW of installed wind power by 2006. This would represent an investment of more than 4.6 million Euros.
Most parts of the country have been involved to a greater or lesser extent in this national effort, while nearly all Spanish provinces now have their own wind energy plans. The most active regions during 2000 were Galicia, Castilla La Mancha, Castilla y Leon, and Navarre, all steadily increasing the exploitation of their large wind potential. Galicia leads the national list with about 30% of the total installed capacity. Galicia has already produced its own white paper on energy, and also ratified a law covering wind energy, whose main aim is to facilitate the administrative procedures involved in obtaining licences for wind parks. The year 2000 has already been exceptional with a growth rate of 64% over 1999. Castilla La Mancha experienced the highest growth of 2900% during 2000, an increase from 11 to 323 MW. The region is now preparing a Plan for the Promotion of Renewable Energy, with the objective of reaching 500 MW by the end of 2001. Castilla y Leon has also seen some major wind parks installed, doubling its capacity from 108 to 215 MW. Navarra has continued to build on its 25% contribution to the national total during 1999, reaching 486 MW by the end of 2000.
The largest manufacturer of wind turbines continues to be Gamesa-Vestas, which historically has installed 57% of Spain's capacity, according to the latest figures from IDEA. This lead is followed by two entirely Spanish companies, Ecotecnia and Made, with 12% and 11%, each. It is important to stress the effect that this industrial and technological development is progressively having on the unemployment level in Spain. In some regions, wind energy investment has made a major contribution to the revitalization of weak economies, providing justification for its promotion by both regional and local government. In the process, any traditional reluctance to accept a new technology has been effectively bypassed.
D. Isolated Systems-The Case of Two Greek Islands
The population of EU islands is about 12 million without considering the British islands and Ireland. These islands are characterized by high costs of electricity production because this is based on imported fuel, mainly diesel. The import costs are further increased by the cost of transportation. This hinders economic development and often implies large subsidies from national governments. On the other hand, many islands possess a significant potential of wind energy which, if used to produce electricity, can contribute to their economic development and help to protect their fragile environment. However, several technical problems are encountered. On the Greek islands for example, the grid infrastructure is weak or insufficiently equipped to deal with large amounts of wind power. However, various studies, e.g., on storage options, power control concepts, etc. have been undertaken to allow for a higher penetration of wind power in weak grids. In the following, two characteristic Greek islands are examined closer.
The power system of the island of Crete is the largest autonomous power system in Greece with the highest rate of increase in energy and power demand, nationwide [14] , [15] . The generation system consists of thermal, oil-fired generating units, including Steam units, Diesel units, Gas turbines, and a Combined Cycle plant. In 2000, the peak load exceeded 420 MW, while the lowest load was about 100 MW. The Combined Cycle and the Steam units mainly supply the base-load. The Gas turbine units normally supply the peak load at high running costs that increases significantly the average cost of the electricity being supplied. With average wind speeds exceeding 7 m/s in many locations, the natural conditions for harnessing wind power on the island are excellent. The public has a positive attitude toward renewables, and a high investment interest from private investors is noted. Security constraints however, restrain wind power penetration, due to the intermittent operation of the Wind parks and problems caused to the electrical grid. As a result, the maximum possible renewable capacity permitted is limited to 30% of the past year's peak power demand, in order to ensure the stability requirements of the electrical system. In addition, the power utility maintains the right to reject energy produced by intermittent RES during the hours of low demand, due to the technical minima of the conventional units. Nevertheless, 11 wind parks with a total capacity of approximately 70 MW have been installed, most of them in the eastern part of Crete, and applications for 40 MW more have been registered. In Fig. 7 , wind energy production in the years 1993-2000 is shown. In 2000, this represents 10% of the annual load. On the day of the maximum wind power production penetration reached 18.25% of the total consumption, while the maximum penetration of power was 30%. An advanced control system providing short-term load and wind power forecasting, economic scheduling, and on-line dynamic security assessment has been installed to advice operators on secure wind power penetration [16] , [17] .
On the Greek island of Kythnos, valuable experience has been gained since 1983 with one of the first projects for developing methods for active and reactive power control of weak hybrid power supply systems. The main criterion for the operational control has been maximum fuel saving, and in this way full utilization of renewable energy. The island consists of three small villages with a minimum load of 60 kW. The supply system consists of a diesel power system with a nominal power of 2.26 MVA, a wind farm of five 33-kW turbines, and a solar generator of 100 kW which feeds a battery unit. It has been shown that during low consumer demand periods, e.g., during winter with average consumption between 80 and 150 kW, the wind farm can supply all electricity needs for the island without the diesel station being started. Variations of the wind energy supply, or short-time excessive load increases on the consumer side, have been covered by suitable power storage (e.g., battery-converter units).
The possibilities for the control of an electrical power supply system can be easily transferred to similar conditions at other locations but apply to larger systems as well. The considerations are aimed at maximum fuel savings by a control of power flows of the various supply units, without neglecting the usual demands on electrical power supply systems, like grid stability, voltage and frequency constancy, etc. It was shown that based on effective power management systems, renewable energy supply systems with wind power can be given the highest priority in supplying consumers. The storage of excess renewable capacity in larger systems can be done with pumped hydro instead of battery systems in a small system.
The analysis of two isolated grids in Greece has shown that wind energy can be perfectly used for reducing energy dependency, harmful atmospheric emissions from conventional fossil fuel power stations, and stabilizing the grid by using a more decentralized structure of power plants. In isolated grids, storage capacities are more important than in the highly interconnected Central European electricity network. Taking advantage of the new forecast and prognosis methods for wind power, including online monitoring, storage systems for wind power such as pumped hydro, biomass, and battery systems can be introduced fast and effectively. When taking external costs of conventional power generation into account, these isolated systems based on renewables can be implemented in a highly economic way, thereby leading to an improved balance of payments.
III. WIND ENERGY PROJECTIONS
According to the Commission's "EU Energy Outlook to 2020" study [1] , the use of electricity is expected to expand by 1.7% per year over the period 1995-2020. Total power capacity requirements are expected to increase by some 300 GW during this period and a similar amount of new capacity will be required for the replacement of decommissioned plants. Thus, the EU is projected to build approximately 600 GW of new plants over the 1995-2020 period. At the same time, the European Parliament in 1998 has set the goal of doubling Renewable Generation in Europe from 6% of the gross energy consumption to 12% by 2010. It is estimated that this development will have the following effects.
• Total avoided fuel cost (1997-2010) 21 billion Euros.
• Half a million new jobs created.
• Reduction of fuel imports by 17.4% compared to 1994.
• Reduction in CO emissions up to 402 million tons per year compared to 1997. It should be noted that this 12% share of total renewable energy sources in the gross inland energy consumption is translated into a 22.1% for consumption of electricity produced from renewable energy sources or 12.5% excluding large hydro schemes, above 10 MW. These targets would ensure that the electricity production from renewables makes a significant contribution toward attainment of the EU's commitments within the context of the Kyoto protocol. In the European Parliament's proposal on the "Promotion of Electricity from Renewable Energy Sources in the Internal Electricity Market" [4] , the indicative national targets of Fig. 8 are provided.
Regarding energy, one of the targets of the EU White Paper is to increase EU electricity production from renewable energy sources from 337 TWh in 1995 to 675 TWh in 2010. Within this target, the goal for wind energy is 40 000 MW of installed capacity in 2010. The European Wind Energy Association has set the same target for 2010. In the publication "Wind Energy-The Facts" [5] , EWEA presents its goals for the years 2000, 2005, 2010, and 2020, as shown in Table 1. EWEA, Greenpeace, and the Forum for Energy and Development have published the report "Wind Force 10" [6] with the aim to show that wind power is capable of supplying 10% of the world's electricity within two decades, even if the overall electricity use is doubled in that period. In this 10% global scenario, Europe is expected to install 220 GW by 2020, while it is estimated that around 1000 GW of wind power will be installed in non-European countries during the same period. Under the present state of development, however, it seems rather conservative to keep the target of 40 GW for 2010. As shown in Section II, during the last years, the installed cumulative wind capacity in the EU is increasing by almost 40% annually. In order to reach the 40 GW target in 2010, the projections for the period 2000-2010 have to assume a small decrease in annual installations up to the year 2005, followed by a stabilization to 2700 MW/year from 2006 to 2010, as shown in Fig. 9 . This corresponds to a 30% increase in total installed capacity in 2000 and 7% in the year 2010. A more realistic scenario is to consider that the annual installation rate will continue to increase (as it has been during the last decade), but at lower rates. A 9% increase in annual installations is assumed for the year 2001, which decreases gradually to 3% in 2010. This corresponds to a 33% increase in total installed capacity in 2000 and 10% in the year 2010, as shown in Fig. 9 . In Fig. 10 it can be seen that, according to this projection, the installed wind energy capacity in the EU will increase to 33.7 GW in 2005 and to 60.6 GW in 2010. We can also see that the slope of the existing carve leads more toward the 60 GW target rather than the 40 GW.
Given the current distribution of wind energy installed capacity in the 15 EU Member States, the rates of growth during the last years, the wind potential of each country, and the wind energy policies and targets of each Member State, a possible distribution of the installed capacity by Member State in 2010 is shown in Table 2 . In this table, the projected capacities for the two scenarios are shown together with the installed capacities during the last five years for each EU Member State.
The leading countries for both scenarios are the same as now: Germany, Spain, and Denmark. The difference is that, given the size of the countries, the wind potential, and the policies in place, a greater wind development is foreseen for Germany and Spain. The additional increase between the 40 and 60 GW scenario a certain number of countries, such as the Netherlands, Denmark, etc., is based on the foreseen rapid development of off-shore wind during the second half of the decade. Some of the countries, such as the U.K., France, Ireland, and Greece have a possibility to increase substantially their projected installed capacity if the framework conditions become more favorable for renewables and several existing barriers are removed.
In Table 3 (a) and (b), the generation capacity and the electricity produced by wind, as projected above for the period 1995 to 2020, is compared to the new and the overall generation capacity as well as the electricity generation in the EU. For the year 2020 and scenario A (40-GW target), the EWEA target of 100 GW is used. For scenario B (60-GW target) the estimation is by 50% higher (150 GW). The comparison is performed using the capacity and electricity generation projections presented in the Commission's "EU Energy Outlook to 2020" study [1] .
We note that, for scenario A, the contribution of wind energy to the electricity production in the EU increases from 0.2% in 1995 to 1.0% in 2000, 2.9% in 2010, and 6.4% in 2020. Wind energy can cover one fourth of the new generation capacity in the period 1995-2010, 38.8% of the new installed capacity during the period 2010-2020, and approximately one third of the new installed generation capacity in the EU for the whole period 1995-2020.
Correspondingly, for scenario B, the contribution of wind energy to the electricity production in the EU increases from 1.0% in 2000, to 2.6% in 2005, 4.4% in 2010, and almost 10% in 2020. In this scenario, wind energy can cover 39% of the new generation capacity in the period 1995-2010, 57.8% of the new installed capacity during the period 2010-2020, and approximately half of the new installed generation capacity in the EU for the whole period 1995-2020, as shown in Fig. 11 .
IV. DEVELOPING WIND ENERGY TO MEET THE CO REDUCTION TARGETS [9]
Wind energy has many positive environmental facets. Indeed, one of the principal market drivers for wind energy is the fact that it is a clean, renewable, and sustainable means of generation. This is especially important in regions such as the European Union (EU) where, in general, adequate installed capacity to meet foreseeable demand already exists. At the same time, modern wind technology has an extremely good energy balance. The CO emissions related to the manufacture, installation, and servicing over the life cycle of a wind turbine are "paid back" after the first three to six months of operation.
A. The CO Emissions in the European Union
In the Kyoto Protocol, EU made the commitment to reduce its emissions by 8% with respect to the 1990 level. Given the different stage of development of each Member State, an agreement for "a burden sharing" approach has been made, which differentiates the commitment of each Member State, allowing even an increase in emissions for the less developed countries of the EU.
The existing figures indicate that the emissions in the EU have a clearly increasing rate. They indicate that in 1996 the emissions were about 2% above the 1990 level. The European Commission recently has published two studies [1], [2] in the framework of its "Shared Analysis Project." The purpose of these studies is to present an EU energy and energy related emissions outlook for the period to 2020. The results indicate that according to the baseline scenario, the CO emissions are projected to increase annually by 0.6% during the period 1995-2020. This means that a 7% increase in CO emissions is projected for 2010 when compared to the 1990 level and a 14% increase for 2020. These figures are far from the EU Kyoto commitments. The baseline scenario is based on the assumption that EU policies currently in place will be continued and does not include any policies that specifically address the climate change issue. In Table 4 , the results of the baseline scenario are presented by member state.
B. Contribution of Wind Energy to the CO Emission Reduction Targets 1) Estimations of CO Emission Reductions From Wind
Energy: A modern 600-kW wind turbine in an average location will, depending on the site wind regime and hence the capacity factor, prevent the emission of some 20 000-36 000 tons of CO from conventional sources during its 20-year design life.
In Section III, two scenarios with two different targets for wind energy development up to 2010 were presented. For these two scenarios, the CO avoided emissions are calculated. The emissions are estimated assuming that wind capacity is displacing mainly, but not exclusively, conventional coal fired plants. A differentiation with time is introduced: the CO emissions are calculated on the basis that one TWh produced by wind energy saves 0.9 million tons of CO in 1999 and 0.8 million tons in 2010. In Table 5 , the estimated CO emission reductions from wind energy are presented on a yearly basis for the period 1999-2010, for the two scenarios.
The total CO emissions in the EU were 3.079 million tons in 1990. According to the Commission's baseline scenario, this number is expected to increase to 3.298 million tons CO per year in 2010 and to 3.508 million tons per year in 2020. As can be seen from Table 6 (a) and (b), wind energy can contribute in reducing the overall CO emissions in the EU by 2.2% in 2010 and by 5.2% in 2020 in the 40-GW scenario. The corresponding figures for the 60-GW scenario are 3.2% in 2010 and 7.8% in 2020. The CO emissions from electricity and steam generation can be reduced by 5.9% in 2010 and by 13% in 2020 in the 40-GW scenario and, correspondingly, by 8.9% and 19% for the 60-GW scenario.
2) Possible Contribution of Wind Energy to the National CO Emission Targets: In Table 7 (a) and (b), the CO target for each Member State is presented together with the projected wind energy installation capacity and energy production and CO avoided emissions by 2010, for the two scenarios. The percentage of CO emission reductions due to wind energy is then calculated. As mentioned in Section IV-B, the CO avoided emissions from wind are estimated assuming that wind capacity is displacing mainly, but not exclusively, conventional coal fired plants. Since the fuel mix differs considerably between the Member States, different factors are used for the estimation of the avoided emissions for each country. They range from 0.6 million tons of CO saved per TWh produced for Austria, France, and Sweden to 1.1 for Greece. The results presented in the following tables show big differences in the contribution of the CO avoided emissions from wind energy between the Member States, which range from a contribution as small as 0.2% for Belgium up to a contribution of 21% for Denmark.
C. The Cost of Reducing CO Emissions by Using Wind Energy
Wind energy offers one of the cheapest renewable energy options for reducing CO emissions from electricity generation. In the Commission's study "EU Energy outlook to 2020"[1], a projection is made for the marginal cost of CO emission abatement, defined as the cost that is necessary to pay to avoid the emission of the last ton of carbon for a given emission reduction target. For 2010, three emission reduction scenarios are presented in the study, i.e., stabilization, 3% and 6% reduction with respect to the 1990 emission level. For these scenarios, the marginal abatement cost varied from 50 Euros in 1990 (approximately 65 current Euros) per ton of carbon avoided (stabilization case) to 102 Euros in 1990 (approximately 132 current Euros) for the 6% reduction case. The study indicates that under the particular assumptions, nearly 60% of the overall required reduction in emissions is achieved through adjustments in the power and steam generation sector. The major effect comes from the massive introduction of gas. The contribution of renewables in this study is heavily underestimated. It is clear that with the above mentioned carbon values wind energy can play a substantial role in reducing CO emissions until 2010.
This fact can become clearer from Table 8 (a) and (b) and from Figs. 12 and 13 where the annual investment costs for the projected development of wind energy for the period 2000-2010 are presented together with the annual reduction in CO emissions.
The average cost of the installed kW of wind turbine generators is today around 925 Euros. It varies from 700 Euros/kW for flat onshore sites to 1300 Euros/kW for offshore applications. The costs of wind energy have already been reduced dramatically as manufacturing and other costs have fallen. They are continuing, though, to fall, even if the rates have decreased. The kWh price for a reference site with good wind conditions has dropped from 15 cEuros/kWh in 1981 to 5.6 cEuros/kWh in 1995, a decrease to a third of the 1981 level. Presently, the price at the same site is below 4.5 cEuros/kWh, a decrease of approximately 25% with respect to the 1995 level. The continuous increase of the commercial wind turbine sizes, the improved cost effectiveness and improved design gained from R&D, as well as the benefits from better logistics and economies of scale suggest a constant reduction of prices in the next several years. Different studies and analyses indicate that the average cost of the installed kW could be in the order of 700 Euros/kW by 2010.
The "external costs" to society derived from burning fossil fuels or from nuclear generation are not included in most electricity prices. These costs have both a local and a global component, the latter mainly related to the eventual consequences of climate change. There is a lot of uncertainty, however, about the magnitude of such costs, and they are difficult to identify and quantify. A well-known European study, known as the "Extern E" project [18] , has assessed these costs for fossil fuels within a wide range consisting of three levels: a low level with 3.8 Euros/ton CO , a medium level with a range 18-46 Euros/ton CO , and a high level with 139 Euros/ton CO . By contrast, very low values are attached to the externalities related to wind power. In order to estimate the external costs avoided by wind energy, we use the medium level considering it as an estimation of the European average.
For the 40-GW scenario, a total investment of 24.8 billion Euros in the period 2000-2010 can reduce CO emissions by 54 million tons/year in 2010, have a cumulative CO reduction of 329 million tons during this period, and avoid external costs which range from 5.9 to 15.1 billion Euros. Correspondingly, for the 60-GW scenario, a total investment of 40.6 billion Euros can reduce the CO emissions by 90 million tons/year in 2010, have a cumulative CO reduction of 492 million tons during this period, and avoid external costs which range from 8.9 to 22.6 billion Euros.
V. TRENDS AND MODELS FOR INVESTMENT IN RENEWABLE ENERGIES [7]

A. Driving Forces for Renewables
Electricity markets in Europe have evolved on a national basis for quite a long time. However, only recently a concerted EU action was taken in terms of the EU Directive Table 4 Trends in CO Emissions by EU Country Table 5 CO Emission Reductions From Wind Energy 92/96. This Directive, although important in inducing changes in EU countries, leaves significant issues to a national decision basis given that the same minimum level of market openness is reached. It is obvious that the steps toward the introduction of an internal market on energy, especially electricity, are influencing the conditions for renewables. It is at present very difficult to evaluate the impact of the liberalization process on the renewables. The implementation of the internal market directive has, for instance, caused revisions of the policies toward renewables and of policy instruments used to promote renewables.
On the other hand, the main driving force for renewables is the climate policy, as CO is the dominating greenhouse gas (GHG) generated from energy consumption. The focus, however, concerning reduction of CO emissions in the short term is apparently emphasizing solutions based on fuel switching from oil and coal to natural gas [1] . This fuel switching is regarded as the most cost-effective way of achieving the reductions of the CO emissions, as the operational parts of the climate policies are focused on the time horizon 2008-12. One of the effects of this development is that the European dependency of fuel imports (especially natural gas) will increase rapidly and reach 70% in 2020, corresponding to the level in 1973 before the first oil crisis. Another effect is that the development and implementation of renewable technologies (except for wind energy) could be restrained.
Other important driving forces for the policies toward renewables are employment and industrial development. As renewables are more labor-intensive than fossil technologies, ) they are considered as potential opportunities for employment. This aspect is part of the renewables policy in more of the countries being studied.
According to a study undertaken in 1999 [5] , the average generation cost for electricity in Europe ranges from 0.031 to 0.080 Euros/kWh. While gas powered stations (combined cycle cogeneration plants) have, at present, the lowest specific costs, electricity from both wind energy and nuclear power plants cause practically the same generation costs between 0.030 to 0.080 Euros/kWh (Fig. 14) . This shows the relative importance wind energy has achieved during the past five years as a serious competitor on economic grounds for the established fossil and nuclear fueled power generation sets.
Apart from hydro power, a well-established source of electricity in Europe since more than 100 years, wind energy is by far the most important investment in renewable energy in contemporary Europe. It has achieved this role within a period of just about the last five years.
B. Frameworks for Investment
In [7] , the mechanics of investment in the different European countries are analyzed and the various developments, which lead to the current level of investment, are evaluated. The data evaluated and also presented in this section are based on questionnaires sent out to selected bodies, organizations, and associations.
Since classic market forces-i.e., price, demand, and supply-do not account for environmental or other noneconomical advantages of renewables, most European countries have provided some sort of incentives to support renewable energies at various stages of their development. In general, these incentives can be categorized as follows [5] . 1) Public funds for research, development and demonstration programs. 2) Direct support of investment costs (either in % of total costs or as a certain amount per installed kW).
3) Support through premium prices for electricity from Renewables (an amount per kWh delivered). 4) Other financial incentives-special loans, favorable interest rates, etc. 5) Tax incentives such as favorable depreciation terms, etc. 6) Other incentives, such as regional funds for structural support, which are not meant exclusively for Renewables. In practice, a refined renewable energy introduction policy will not employ only one of these incentives, but use a combination of different sorts of incentives. In Germany, for example, government support for renewables started with some R&D programs in the 1980s. These R&D projects prepared the market, so when a new law was introduced in 1991-Renewable Energy Feed In Tariff (REFIT)-a strong influence to market development was effected immediately. In February 2000, a new Renewable Energy Law was adopted by the German Parliament continuing to provide crucial support for clean energy in a new liberalized market [11] .
The market developments analyzed show that, based on different circumstances with regard to wind resource, utility structure, and investment climate, various mixtures of political incentives can lead to the sustainable introduction of Renewables in the EU countries. There is no single and one-way strategy to initiate dynamic processes for the dissemination of Renewables technology for Europe, as a whole.
However, different examples demonstrate the interdependency between certain mechanisms effective when implementing Renewables projects. With regard to national policy, two different approaches to renewables support in Europe are emerging. On the one hand, countries have relied on premium fixed prices for electricity from renewable sources. On the other hand, fixed quota systems have been introduced, where interested operators and investors for renewable energy applications have to hand in their bids to a central agency responsible for selecting individual projects. These different approaches have led to different market developments in the countries concerned. It is obvious that the premium fixed price strategy is by far more successful than the quota system. Table 9 shows the key figures for wind energy of three premium price countries-Germany, Denmark, and Spain, as well as of three quota system countries-United Kingdom, Ireland, and France. Apart from having by far greater annual growth rates (average 41%), the three leading premium price countries have accumulated, by the end of 1999, more than 81% of the European market share, representing just 14% of the population.
Starting with the pioneers of wind energy in Europe, the Danish example demonstrates the decisive influence of premium price policy to foster dynamic developments in the Renewable Energy market. Denmark still has got by far the highest specific wind energy installation with respect to area and per capita from all European countries-it is six times higher than the figure of Germany. There is no doubt that Denmark, as the first country in Europe, found the adequate mix of incentives to trigger off a dynamic and sustainable development in the renewable energy sector.
The follow-up in Germany led to bigger market volume based on higher potential of landscape and industrial power. Both Denmark and Germany followed a premium price policy, which must be regarded as a highly effective instrument of renewable energy market incentives.
On the other hand, there is no clear indicator that fixed quota policy would not initiate comparable results, if applied in an environment of higher absolute retail prices for electricity. The three major followers of this policy had to work on a very low absolute level of electricity prices. It can be concluded, therefore, that a low retail price of electricity is the biggest barrier for large-scale and dynamic implementation of RE technologies. Consequently, one of the most effective instruments to enforce RE markets in Europe would be the reduction of subsidies for conventional energy sources. All questionnaires marked this item as the most serious hindrance for adequately improving RE development in Europe.
To see the electricity market of RE technologies (especially wind energy) in a broader perspective, Table 10 compiles the retail prices-both industrial and domestic-and the feed-in tariff. The industrial retail prices in the second column have been obtained from the International Energy Agency (IEA) and from questionnaires, while the domestic retail prices in the third column equal 90% of average consumer price for electricity (both industrial and domestic retail price). One can see that the relative price level of these different countries is practically the same: The feed-in tariff, on average, amounts to 42% of the domestic tariff (range: 36%-49%) and to 98% of the industrial tariff (87%-110%). However, the clearly visible difference in renewable energy market development derives from the low absolute level of both industrial and domestic electricity tariffs: Comparing these six countries, the group of premium price markets has 20% higher industrial and 54% higher domestic retail prices than the group of fixed quota markets.
Another result of evaluating the questionnaires pointed to the high importance of local social acceptance of the renewable energy technology. Being a decentralized source of energy, renewables can cause a high impact on the surrounding environment. The German example of a renewables market led by private investors-many of them from the local community-stands for a high local acceptance of the renewables technology. Big-sized industrial players within renewables markets have a tendency to slow down the dynamic of market development-generally through invoking local resistance toward renewables investment. The third important aspect highlights the necessity of stable political conditions for investment dependency of long-term investment in renewable technologies.
VI. WIND TURBINE TECHNOLOGY
At the end of the 1970s and during the 1980s, most of the European countries starting their first wind energy programs tried to develop large wind turbines in the MW range, with limited success. Utility companies preferred to test large systems in the MW class, which, however, never left the prototype stage. On the other hand, small converters in the 10-50 kW class were being developed and installed at that time, most of them in Denmark and mostly for agricultural operators. Denmark remained the leading wind country for wind power in Europe until the early 1980s, continuing its successful policy of evolutionary growth and a clear political commitment for wind energy.
In the early 1990s, the 300-500 kW class wind generators started to be successfully introduced in Europe, marking the beginning of the wind energy boom in Germany. During its rapid development, the German WT industry successfully caught up technologically and has arrived at one of the leading places in the global wind energy market, particularly with innovative converter concepts. The mid-1990s marked the development and installation of the 1-1.5 MW plants. This development was made possible by widely secured markets.
The average wind turbine size installed per year has been continuously increasing: from 240 kW in 1993 to 780 kW in 1999 (see Fig. 15 ). Two decades of plant development and operation have not only influenced turbine size, but also the technological features of modern wind turbines. The three-bladed turbine is now dominant for all power classes. Converters following the Danish concept, with stall control, gearbox, and direct grid connected induction generators, are in the majority. For larger units, plants with pitch control and variable speed concepts, especially those constructed without gearboxes, are achieving growing proportions of the market. Therefore, a clear trend can be observed with the MW converters, toward innovative concepts with correspondingly good prospects for their manufacturers.
The four largest manufacturers are supplying approximately two-thirds of the world market. From the 12 largest suppliers in 1999, ten are European (Fig. 16 ). Danish manufacturers are responsible for about half of the world market share. Their export share amounts to an average of well over 70%.
The technology is available and continuously improving, costs have fallen substantially, and public opinion is overwhelmingly positive toward renewable energy sources.
A. Future Outlook and R&D Tasks
The European Commission has supported the development and demonstration projects within the field of large wind turbines for more than ten years. The first phase was the development of three large wind turbines named WEGA-I. These wind turbines were experimental machines and suffered from various technical problems and high installation costs. This phase was followed by the development of a second generation of large wind turbines named WEGA-II and involved major industries in the field. Five Fig. 15 Average wind turbine size installed each year. Fig. 16 . The top suppliers in the world [7] . new prototypes of large horizontal-axis turbines have been developed in the period of 1993-1996, and have been tested since the beginning of 1996. These prototypes are characterized by rotor diameters exceeding 45 m, rated power in the range of 1 MW and energy production at the reference site with annual mean wind speed of 7.5 m/s at 50 m height exceeding 1.8 GWh/year. The results from the "Scientific Measurement and Evaluation Project" [19] comparing the performance of the above prototypes are indicative of the trends observed in the European Wind Turbine industry and the necessary future R&D tasks. -
The advanced design of the new generation of MW wind turbines has resulted in much lower component weights compared to the former experimental, large wind turbines. This development sets up the technological basis for a more efficient use of the available sites on land, particularly at low wind regimes, but also for the exploitation of the offshore wind potential. -Regarding size, it can be expected that rotor diameters up to 70 m on the basis of present turbines will be available in the next few years. At sites with high wind speeds, e.g., off-shore sites, the rated power will increase to about 2 MW. For inland sites the use of higher towers is very attractive. For this application tower heights up to 90 or 100 m will become a reality.
The operation of large size turbines or wind farms will impose new requirements on their control systems. Particularly the connection of large wind turbines to weak grids in rural areas can potentially disturb the stability of the grid with respect to voltage or frequency fluctuations, power quality issues, etc. The operation of the wind turbines should support the stability of the grid in the best possible way. Intelligent control systems, which enable the wind turbine to support the grid's stability are already implemented into some of the WEGA-II turbines. For the future this remains an important R&D task, particularly in combination with variable speed operation. -Power limitation by aerodynamic stall is feasible with rotors above 60 m diameter. This gives prospects of large wind rotors without a complex blade pitch system. It seems as if the conventional (completely passive) stall operation may be too inflexible for large rotors. Active stall control offers more flexibility with respect to adapting the wind turbine to different site conditions. The combination of stall control and variable speed operation turned out to be complex, but nevertheless advantageous in some aspects. R&D work in the fields of stall aerodynamics and developing optimized stall concepts are future tasks in wind turbine technology. -For more than a decade wind turbines with variable speed operation of the rotor have represented the state-of-the-art. Nevertheless, the development of cost-effective electrical generator systems for variable speed operations remains an important objective for R&D activities. This is particularly true for the development of concepts in combination with multipole generators and with respect to "intelligent" control systems.
-
The use of multipole generators with gearless drive train has proved to be a genuine alternative to the conventional drive train concept. This technology offers a variety of technical and economic advantages, however its integration in a large wind turbine turned out to cause some additional technical problems, mainly combined with the large diameter of the generator. In the future the technology of gearless drive train concepts based on conventional or permanent magnet multipole generators will be an important field of R&D tasks.
VII. CONCLUSION
Seventy-five percent of the electricity generating wind turbines have been installed in the European Union with Germany, Denmark, and Spain playing the leading role. At the same time, the European Wind Turbine manufacturing industry is booming. This paper provides an overview of the current state of wind power development in Europe and its projections made by the European Commission and EWEA. The role of wind energy in reducing CO emissions and the associated costs are presented. The mechanisms for investments used in the European countries are presented and their effects are discussed. Finally, the development of wind turbine technology and the future trends and R&D tasks, especially regarding large machines, are outlined. The European experience has shown that wind energy comprises today a reliable and cost-effective technology with positive effects on the reduction of CO emissions and the creation of employment opportunities. The present pace of development is expected to continue in the coming years following the clear commitment of the European Union to support wind energy generation in Europe.
